Introduction: Synaptic membrane formation depends on nutrients that fuel metabolic pathways for the synthesis of constituent phospholipids. Consequently, insufficient availability of such nutrients may restrict membrane formation and contribute to synaptic dysfunction in Alzheimer's disease (AD). We assessed whether blood and cerebrospinal fluid (CSF) concentrations of nutrients related to phospholipid synthesis differ among patients with AD, mild cognitive impairment (MCI), and control subjects. Methods: Concentrations of uridine, choline, folate, homocysteine, and other related metabolites were analyzed in paired blood and CSF samples from subjects selected from the Amsterdam Dementia Cohort with AD (n 5 150; age, 66 6 7 years; 37% female), MCI (n 5 148; age, 66 6 8 years; 37% female), and control subjects (n 5 148; age, 59 6 8 years; 38% female).
Introduction
Several interacting processes contribute to the neurodegenerative process of Alzheimer's disease (AD), including abnormal protein processing and neuronal membrane degeneration that lead to synaptic loss and synaptic dysfunction starting early in the disease course [1] [2] [3] .
Nutrition is increasingly recognized as an important factor in the etiology and progression of AD. Epidemiologic studies have suggested that specific macronutrients and micronutrients are involved in the decline of cognitive function and risk of AD [4, 5] . Nutrients can affect normal functioning and maintenance of the brain via various mechanisms [6] . In particular, poor availability of certain nutrients in AD has been suggested to affect synaptic function [7, 8] . The synthesis of synaptic membranes is dependent on several nutrients, for example, docosahexaenoic acid, uridine, choline, and folate, vitamin B12, vitamin B6, vitamin E, vitamin C, and selenium, which fuel the metabolic pathways for the formation of constituent phospholipids [9, 10] . Consequently, insufficient availability of these nutrients hypothetically limits, among other processes, membrane formation and could contribute to synaptic dysfunction in AD.
Several studies have provided data on nutritional status in AD and results have generally shown lower blood levels of most nutrients that are required for phospholipid synthesis [11] [12] [13] , but for some of these nutrients results are inconclusive. In addition, there is a lack of information in mild cognitive impairment (MCI), a predementia stage in which the scope for intervention is arguably higher. Most studies have focused only on one nutritional marker instead of a set of nutrients, which allow correlations between nutrients to be studied. Furthermore, only a limited number of studies reported paired blood and cerebrospinal fluid (CSF) nutritional markers. These data are important because blood levels are valuable in assessing nutritional status, whereas CSF levels give specific insights into the availability of nutrients in the brain.
The aims of this cross-sectional study were to assess whether blood and CSF concentrations of nutrients needed for phospholipid synthesis and related metabolites differ among AD, MCI, and control subjects. Concentrations of uridine, choline, betaine, folate, homocysteine, albumin, and bilirubin were measured in paired blood and CSF samples from subjects with MCI or AD and compared with control subjects. Revealing a disease-specific nutritional deficit would lend support to the application of nutritional supplementation in the management of AD.
Methods

Subjects
Subjects for this cross-sectional study were selected from the Amsterdam Dementia Cohort of the Alzheimer Center of the VU University Medical Center (VUmc) [14] . The study included patients with probable AD (n 5 150), MCI (n 5 148), and control subjects with subjective cognitive decline (n 5 148), with all baseline biomaterial available, that is, paired blood plasma, blood serum, and CSF. The three diagnostic groups were matched for gender but not for age, as this was not feasible. All subjects underwent dementia screening at baseline, including physical and neurologic examination, electroencephalography, brain magnetic resonance imaging, and laboratory tests. Cognitive screening included a Mini-Mental State Examination (MMSE) and comprehensive neuropsychological test battery. Diagnoses were made by consensus in a multidisciplinary team, without knowledge of AD CSF biomarker results. Probable AD was diagnosed according to the criteria of the National Institute of Neurological and Communicative Disorders and StrokeAlzheimer's Disease and Related Disorders Association up to the beginning of 2012, and subsequently, using the National Institute on Aging-Alzheimer's Association criteria for AD. MCI was diagnosed using "the Petersen criteria" up to the beginning of 2012 and the National Institute on AgingAlzheimer's Association criteria for MCI after this date [14] . As control subjects, we used subjects who presented with cognitive complaints at our memory clinic, but who performed normal on clinical examinations, that is, the criteria for MCI were not fulfilled, and there were no psychiatric or neurologic diseases contributing to cognitive complaints. In addition, if follow-up diagnosis was available, control subjects were selected only if they remained stable. All subjects gave written informed consent for the use of their clinical data and samples for research purposes, and the study was approved by the medical ethics committee of the VUmc (protocol 00/211).
Blood and CSF collection
CSF and blood samples were collected from nonfasted subjects during diagnostic workup. CSF was collected by lumbar puncture between the L3/L4 or L4/L5 intervertebral space, using a 25-gauge needle and syringe, and collected in polypropylene tubes (Sarstedt, N€ umbrecht, Germany) in agreement with international consensus protocols [15] . Within 2 hours, CSF samples were centrifuged at 1800g for 10 minutes at 4 C. Aliquots were either frozen at 220 C until routine analysis of Alzheimer biomarkers or frozen and stored at 280 C until further analysis. Venous blood was drawn (clotted blood for serum and ethylenediaminetetraacetic acid [EDTA] blood for plasma), centrifuged at 1800g for 10 minutes at 4 C, aliquoted, and stored at 280 C.
Blood and CSF analyses
Analyses of CSF amyloid-b 1-42 (Ab42), total tau, and tau phosphorylated at threonine 181 (p-tau-181) were routinely done at the Neurochemistry laboratory of the VUmc Department of Clinical Chemistry using sandwich enzyme-linked immunoassays (ELISAs, Innotest, beta-amyloid1-42, Innotest hTAU-Ag, and Innotest PhosphoTAU181p; Fujirebio Europe, Gent, Belgium) [16] . The interassay coefficients of variation (CVs) were 10.9% for Ab42, 9.9% for tau, and 9.1% for p-tau-181 [14] .
Concentrations of nutrients needed for phospholipid synthesis and related metabolites were analyzed in paired blood and CSF samples. All compounds, except bilirubin, were measured in CSF. Uridine, choline, betaine, and homocysteine concentrations were measured in blood plasma, whereas folate, albumin, and bilirubin concentrations were measured in blood serum. Plasma and CSF uridine were measured by ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS).
15 N 2 -uridine was used as an internal standard. Samples were deproteinized with acetonitrile before quantification. Uridine was detected in electrospray ionization positive mode and quantified with multiple reaction monitoring using the m/z transition 245 / 113 for uridine and 245.2 / 201.2 for 15 N 2 -uridine. Interassay CV for uridine in plasma and CSF was 9.6%-14%. Lower limit of quantification (LOQ) for plasma and CSF uridine was estimated at 0.2 mmol/L.
Choline and betaine in plasma were determined simultaneously, as well as choline and betaine in CSF, using liquid chromatography-tandem mass spectrometry (LC-MS/MS) according to a previously published method [17] .
2 H 9 -betaine and 2 H 9 -choline were used as internal standards. Samples were deproteinized with acetonitrile before quantification. Choline and betaine were detected in electrospray ionization positive mode and quantified with multiple reaction monitoring using the following m/z transition: 104.1 / 60 for choline, 113.1 / 69 for 2 H 9 -choline, 118.1 / 59.1 for betaine, and 127.1 / 68.1 for 2 H 9 -betaine. Interassay CVs for choline and betaine in plasma were 0.9%-2.6% and 1.3-2.1%, respectively, and in CSF 1.5%-2.9% and 0.7%-1.9%, respectively. Lower LOQs for choline and betaine in plasma were 0.3 and 0.8 mmol/L, respectively, and in CSF 0.09 mmol/L for both choline and betaine.
Serum and CSF folate were determined by competitive luminescence immunoassay on an Architect analyzer (Abbott Diagnostics, Abbott Laboratories, Abbott Park, IL, USA). The interassay CV for folate in serum and CSF was 6%-15%.
Plasma homocysteine was measured by competitive luminescence immunoassay on an Architect analyzer (Abbott Diagnostics, Abbott Laboratories). Interassay CV for homocysteine in plasma was 2%-4%. Homocysteine in CSF was measured using LC-MS/MS adapted from a previously published method [18] . 2 H 4 -homocysteine was used as an internal standard. Samples were reduced dithiotreitol, followed by a solid phase extraction cleanup. CSF homocysteine was detected in electrospray ionization positive mode and quantified with multiple reaction monitoring using the m/z transitions 136.1 / 90.1 for homocysteine and 140.1 / 94.1 for 2 H 4 -homocysteine. The interassay CV for this assay was 5.1%-28.1%. Lower LOQ for CSF homocysteine was 0.005 mmol/L.
Serum and CSF albumin concentrations were both determined by rate nephelometry on a Beckman Coulter Immage 800 immunochemistry system (ALB test, Beckman Coulter, Danaher, Washington DC, USA). The interassay CV for serum and CSF albumin was 2.3%-4.3%. Serum bilirubin was measured by a colorimetric assay on a Cobas 8000 system (Bilirubin Total Gen, Roche Diagnostics, Roche, Basel, Switzerland). The interassay CV for serum bilirubin was 1.3%-1.6%.
Statistical analyses
All statistical analyses were performed using SPSS (version 19, SPSS Inc, Chicago, IL, USA). All continuous variables, except for CSF uridine, lacked normal distribution as indicated by the Kolmogorov-Smirnov test. Ln transformation was applied to obtain a normal distribution, where appropriate. Baseline characteristics were compared using analysis of variance or chi-square test, where appropriate. Differences in blood and CSF concentrations of nutrients and metabolites and CSF to serum albumin ratio were analyzed using an analysis of variance with diagnosis as the between-subject factor, and age and sex as covariates, after removal of the largest five absolute residuals per variable to exclude outliers. Post hoc pairwise comparison (Bonferroni adjusted P values) was performed when comparing individual diagnostic groups. Spearman's rank correlation coefficients were calculated to assess correlations between the concentrations of nutrients and metabolites and AD CSF biomarkers. P values ,.05 were considered to reflect statistical significance. Table 1 shows the characteristics of subjects, including age, gender, MMSE, and AD CSF biomarkers (Ab42, total tau, and p-tau-181), for each diagnostic category. Matching for gender resulted in an equal distribution of males and females between the three diagnostic groups. Control subjects were younger than subjects with MCI and AD. AD CSF biomarker levels were within the normal range (,550 pg/mL for Ab42; .375 pg/mL for total tau; and .52 pg/mL for p-tau-181 [16] ) in all control subjects. MMSE, Ab42, total tau, and p-tau-181 differed between the three diagnostic categories. Table 2 shows the concentrations of all measured nutrients and metabolites in blood and CSF by diagnostic category. Age-and gender-adjusted analyses revealed differences in concentrations of plasma uridine, CSF uridine, plasma choline, serum folate, CSF folate, and CSF homocysteine between diagnostic groups (all P , .05). Post hoc testing showed that patients with AD had lower concentrations of CSF uridine and plasma choline and a higher concentration of homocysteine in CSF compared with control subjects. Subjects with MCI had lower concentrations of uridine in plasma and CSF and folate in serum and CSF and a higher concentration of homocysteine in CSF compared with control subjects. Concentrations of CSF choline, plasma betaine, CSF betaine, plasma homocysteine, serum albumin, CSF albumin, and serum bilirubin did not differ between groups. No differences were found between subjects with MCI and AD. The covariates age and gender had profound effects on levels of most, but not all, nutrients and metabolites. Supplementary Table 1 shows the P values of the statistical analyses.
Results
Subject characteristics
CSF and blood levels of the nutritional markers
CSF to serum albumin ratios were calculated per subject to assess the intactness of blood-CSF barrier function. Adjusted for age and gender, ratios of CSF to serum albumin concentrations did not differ between diagnostic groups (P 5 .78, after Ln transformation).
In each diagnostic group, nutrient and metabolite concentrations in blood correlated positively (P , .05) with corresponding levels in CSF, except for albumin (see Table 3 ). The strength of these correlations differed among diagnostic categories. Similarly, several, albeit weak, correlations were found between levels of nutrients and metabolites and markers of disease, that is, AD CSF biomarkers and MMSE and between levels of nutrients and metabolites in blood or CSF (see Supplementary Tables 2-4 ). These correlations also differed between the diagnostic categories.
Discussion
The main findings of this study were that blood and/or CSF concentrations of uridine, folate, choline, and homocysteine differed between subjects with MCI or AD compared with control subjects. Specifically, subjects with MCI had lower concentrations of plasma and CSF uridine and serum and CSF folate, whereas concentration of CSF homocysteine was higher than in control subjects. In subjects with AD, concentrations of CSF uridine, plasma choline, and serum folate were lower, and concentration of CSF homocysteine was higher than in control subjects. Blood and CSF concentrations of these metabolites did not differ between subjects with MCI and AD.
Lower levels of the nutrients measured in the present study could affect the AD brain through several mechanisms. For example, circulating choline is a precursor for the biosynthesis of the neurotransmitter acetylcholine, and folate influences the availability of methyl groups for numerous methylation reactions, such as those involved in DNA methylation and neurotransmitter synthesis. One common denominator for the current set of nutrients is their involvement in phospholipid synthesis. Uridine and choline are important nutritional precursors that act by enhancing the substrate saturation of the enzymes that catalyze the ratelimiting steps in the synthesis of new phospholipids via the Kennedy pathway [9] . Folate (together with vitamins B6 and B12) can increase the bioavailability of the phospholipid precursors docosahexaenoic acid and choline [10] . Phospholipids are the main constituents of membranes and also of neuronal membrane structures, like the presynaptic and postsynaptic membranes of synapses. In AD, degeneration of neuronal membranes and increased breakdown of membrane phospholipids have been linked to synapse loss [19, 20] . The lower circulating and CSF nutrient levels found in the present study indicate lower availability nutrients for phospholipid synthesis, which could restrict synaptic membrane formation and contribute to synaptic dysfunction and loss in AD. This lower nutritional status already occurs in a predementia stage, because lower levels were also found in MCI patients. Differences ranged from 2% to 11% of the control subjects and are in the order of magnitude of what generally was found in previous studies [11, 12] . Although these differences are relatively small, they could all add up to have a significant effect on rate-limiting phospholipid synthesis, because most enzymes involved in phospholipids synthesis have low affinities for their substrates [9] . This putative nutritional deficit supports the application of nutritional strategies in the early stages of AD, before synaptic pathologic changes have accumulated to an irreversible degree. In accordance with this early intervention hypothesis, randomized controlled studies of a multinutrient intervention containing the nutrients needed for phospholipid synthesis showed improved cognitive function in MCI [21] and mild AD [22] , but not in mild-moderate AD [22] .
The most consistent finding was the lower plasma and/or CSF uridine concentration in subjects with MCI and AD compared with control subjects. This is the first study to report plasma uridine concentrations in subjects with MCI. The lower concentrations of uridine accord with previous studies reporting lower uridine levels in plasma [12, 23] and CSF [24] in AD compared with control subjects. Another study, however, reported relatively higher peak area of uridine in CSF of patients with MCI and AD compared with control subjects [25] . Differences in population, sample size, state of fasting, analytical methods (relative vs. absolute values), and confounder adjustment could possibly explain this contrasting result; however, these differences also account for the aforementioned studies showing lower levels of uridine. Overall, the results of this current large cohort, together with most studies from the literature, clearly indicated a lower uridine status and MCI and AD.
Subjects with AD had lower plasma choline concentrations than control subjects, whereas plasma choline did not differ between MCI and control subjects or AD. CSF choline concentrations did not differ among the three groups. This is the first study presenting plasma and CSF choline concentrations in MCI. Previous studies in AD provide inconsistent results, reporting lower levels of choline in plasma [13] or no differences in plasma [26, 27] and higher levels of choline in CSF [28, 29] or no differences in CSF [30] in AD patients. Despite this inconsistency in the literature, perhaps ascribable to methodological difficulties in measuring free choline, the current findings are at least confirmative for a defective choline metabolism in AD.
Serum and CSF folate concentrations were lower in subjects with MCI than in control subjects, but did not differ between AD and control subjects or MCI. Previous studies also reported lower serum folate concentration in MCI [31, 32] , although this has not been consistently found [33, 34] . Similarly, some studies found no differences in CSF folate in AD compared with control subjects [35, 36] , whereas other found lower CSF folate in AD than in control subjects [37] [38] [39] . In addition, according to a meta-analysis, AD patients generally show lower serum folate levels compared with control subjects [11] . Plasma homocysteine may be considered a functional indicator of vitamin B status, including folate [40] , and is a strong independent risk factor for dementia and AD [41] . In the present study, CSF homocysteine concentrations were higher in subjects with AD and MCI than in control subjects, and plasma homocysteine concentrations did not differ among the three groups. These results are in line with two studies that observed no difference in plasma homocysteine between MCI and control subjects [31, 33] . However, current observations contrast with previous meta-analysis, systematic reviews, and studies showing higher plasma homocysteine in AD [42] and MCI [32, 34, 43] , and no difference in CSF homocysteine in MCI [43] and AD [42] compared with control subjects. A range of differences in study characteristics could explain the different outcomes in the present and previous studies, such as differences in population, sample size, state of fasting, and confounder adjustment. It should be noted, however, that plasma and CSF concentrations of folate and plasma concentrations of homocysteine in AD tended to be lower than control subjects, which is more in line with existing data.
Factors contributing to a lower nutritional status in AD may include disease-related changes in nutrient intake, uptake, metabolism, and utilization [7, 8] , for example, altered eating behavior [44] , aberrant nutrient absorption [45] , compromised uptake into the brain [38] , and reduced endogenous biosynthesis of nutritional compounds [46] . Additional research is needed to understand the extent of AD-specific changes in eating behavior and nutrient metabolism. Blood concentrations positively correlated with CSF concentrations for uridine, choline, betaine, folate, and homocysteine in all groups. Nevertheless, correlations between blood and CSF concentrations of uridine and folate were weaker in subjects with AD than in control subjects, perhaps indicating decreased transport function and uptake into the brain. The positive correlations between blood and CSF uridine, choline, and folate occur because these compounds are passively or actively transported into the brain [9, 47] , and hence the availability of nutrients in the blood largely influences their levels in the brain [9] . A previous study similarly showed positive correlations between serum and CSF folate and between plasma and CSF homocysteine in subjects without cognitive impairment [48] . The lack of correlation in any group for CSF and serum albumin is plausible because albumin typically does not cross the bloodbrain barrier. Moreover, subjects with MCI and AD did not have an increased CSF to serum albumin ratio compared with control subjects, which indicates the blood-CSF barrier function remains intact [49] . These results are consistent with previous reports [37, 49] .
The present study has several limitations. First, mean age differed between the diagnostic categories, which could have masked existing differences between the clinical subgroups, although the analyses were corrected for this confounder. Second, blood and CSF samples were taken from nonfasted subjects at the time of diagnostic workup. Postprandial increases in concentrations of the measured compounds probably increased the variance in each group and, in general, intraindividual variation on nutrient concentration is unknown. Finally, it could be argued that the SCD control group may not be a healthy control reference because some of subjects may have preclinical AD or, at least, an increased risk of developing AD [50] . Nevertheless, the proportion of individuals with SCD who develop MCI and AD is low, and, in the present study, only those subjects meeting rigorous criteria were selected. Most importantly, all had AD CSF biomarker values in the normal ranges, which is a strong indicator for not developing AD [50] .
In conclusion, this study showed that compared with control subjects, subjects with MCI and AD have lower blood and CSF concentrations of uridine, folate, and choline, which are involved in synaptic membrane formation. Such diseasespecific nutritional deficits, which could exacerbate synaptic dysfunction and could affect other functional processes, are already evident in MCI. In addition, physiological correlations between nutrients and biomarkers are apparently weaker at end-stage, AD dementia. The putative nutritional deficit may be addressed by specific dietary management with low risk of adverse effects, which may be most effective when applied to earlier stages in the development of AD. 
Supplementary data
Supplementary data related to this article can be found at http://dx.doi.org/10.1016/j.dadm.2017.04.005.
RESEARCH IN CONTEXT
1. Systematic review: Review of the clinical literature on nutritional status in mild cognitive impairment and Alzheimer's disease (AD) revealed lower blood and cerebrospinal fluid levels of nutrients that are required for membrane phospholipid synthesis, but for some of these nutrients results are inconclusive.
Interpretation:
The current cross-sectional study showed that compared with control subjects, subjects with mild cognitive impairment and AD have lower blood and cerebrospinal fluid concentrations of uridine, folate, and/or choline, which are involved in membrane formation. This putative nutritional deficit may be addressed by specific dietary management with low risk of adverse effects, which may be most effective when applied to earlier stages of AD.
3. Future directions: Additional research is needed to understand the extent of AD-specific changes in nutritional status and to which extent these changes are affected by alterations in eating behavior and nutrient metabolism.
